The gut dysbiosis by stressors such as immobilization deteriorates psychiatric disorders through microbiota-gut-brain axis activation. To understand whether probiotics could simultaneously alleviate anxiety/depression and colitis, we examined their effects on immobilization stress (IS)-induced anxiety/depression and colitis in mice. The probiotics Lactobacillus reuteri NK33 and Bifidobacterium adolescentis NK98 were isolated from healthy human feces. Mice with anxiety/depression and colitis were prepared by IS treatment. NK33 and NK98 potently suppressed NF-κB activation in lipopolysaccharide (LPS)-induced BV-2 cells. Treatment with NK33 and/or NK98, which were orally gavaged in mice before or after IS treatment, significantly suppressed the occurrence and development of anxiety/depression, infiltration of Iba1 + and LPS + /CD11b + cells (activated microglia) into the hippocampus, and corticosterone, IL-6, and LPS levels in the blood. Furthermore, they induced hippocampal BDNF expression while NF-κB activation was suppressed. NK33 and/or NK98 treatments suppressed IS-induced colon shortening, myeloperoxidase activity, infiltration of CD11b + /CD11c + cells, and IL-6 expression in the colon. Their treatments also suppressed the IS-induced fecal Proteobacteria population and excessive LPS production. They also induced BDNF expression in LPS-induced SH-SY5Y cells in vitro. In conclusion, NK33 and NK98 synergistically alleviated the occurrence and development of anxiety/depression and colitis through the regulation of gut immune responses and microbiota composition.
Introduction
Anxiety disorder is the most common disorder characterized by somatic, emotional, cognitive, and behavioral components [1, 2] . Patients with anxiety disorders progress to the depressive disorder that is a common illness worldwide [3] . Anxiety/depression was approximated in experimental rodents by treating stressors such as immobilization and forced swimming [4, 5] . Exposure to stressors induces the secretion of adrenaline, noradrenaline, and glucocorticoids from the adrenal gland through the hypothalamic-pituitary-adrenal (HPA) axis activation, regulates the expression of proinflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-6 in immune cells, shifts gut microbiota composition, and increases gut bacterial lipopolysaccharide (LPS) production [6] [7] [8] . However, bovine serum and 1% antibiotic-antimycotic [27] . For the assay of BDNF expression, SH-SY5Y cells (1 × 10 6 cells/mL) were incubated with LPS (100 ng/mL, purified from Escherichia coli O111:B4, Sigma) in the absence or presence of test probiotics for 24 h. For the assay of IL-6 expression and NF-κB activation, BV-2 cells (1 × 10 6 cells/mL) were incubated with LPS (100 ng/mL) in the absence or presence of test probiotics for 1.5 h (for NF-κB activation) or 20 h (for IL-6 expression). Protein expression levels were assayed by immunoblotting and ELISA.
Animals
C57BL/6 mice (male, 5 weeks old, 19-21 g) were supplied from Orient Bio (Seongnam-shi, Korea) and adapted for 7 days before experiments. All animals were maintained in wire cages under standard conditions of constant temperature (20 ± 2 • C), humidity (50% ± 10%) and lighting (12 h/day). All mice were fed standard laboratory chow and tap water ad libitum.
Animal experiments were conducted according to the National Institute of Health (NIH) and University Guide for Laboratory Animal Care and Usage. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of the University (IACUC No KUASP(SE)-17-146-1).
Preparation of Mice with Anxiety/Depression and Colitis
To examine the curative effects of probiotics on anxiety/depression, mice were randomly assigned to six groups (NC, C, PC, NK33, NK98, or Mix) of seven mice each. First, mice from the PC, NK33, NK98, Mix, and C groups were exposed to IS and test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK98; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) either orally (for NK33, NK98, and Mix) or intraperitoneally (for buspirone) administered for 5 days, 24 h after the final treatment with IS. The normal control group (NC), not exposed to IS, was treated with 1% maltose in place of test agents. Behaviors and biochemical markers were assayed 20 h after the final treatment. Exposure of mice to IS was performed for 12 h once a day for 2 days using a conical tube-like instrument (2.5 cm in diameter, 7.5 cm in length) with a 0.25-cm-diameter hole on the center of the tube), as previously reported [25, 28] .
To examine the preventive effects of probiotics on anxiety/depression and colitis, mice were randomly assigned to six groups of seven mice each. First, test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK33; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) were orally gavaged or intraperitoneally injected into the mice daily for 5 days. Mice from the PC, NK33, NK98, Mix, and C groups were exposed to IS for 2 h from 24 h after the final treatment with test agents, as previously reported [28] . Normal control group (NC), not exposed to IS, was orally treated with 1% maltose in place of test agents. Behaviors and biochemical markers were assayed 20 h after the final IS treatment.
Behavioral Tasks
The elevated plus maze task was carried out in the plus-maze apparatus, which consisted of two open (30 cm × 7 cm) and two enclosed arms (30 × 7 cm) with 20-cm-high walls extending from a central platform (7 cm × 7 cm) on a single central support to a height of 60 cm above the floor for 5 min, as previously reported [25] . The light/dark transition task was carried out in the light/dark box apparatus (45 cm × 25 cm × 25 cm), which consisted of two chambers (black and white polywoods [walls] and Plexiglass [floor] connected by an opening (7.5 cm × 7.5 cm) located at floor level in the center of the dividing wall) for 5 min, as previously reported [25] . A tail suspension test (TST) was measured according to the method of Dunn and Swiergiel [29] . Mice were suspended on the edge of a table 30 cm above the floor by taping 1 cm from the tail tip. Immobility time was measured for 5 min. When the mice did not move and passively hung, mice were judged to be immobile. A forced swimming test (FST) was performed in a round transparent plastic jar (20 cm × 40 cm) containing fresh water (25 • C) of 25 cm height according to the method of Dunn and Swiergiel [29] . Immobility time was measured for 5 min. When the mice remained floating in the water without movement, mice were judged to be immobile.
Immunobloting and ELISA
Hippocampus, colon tissues, SH-SY5Y, and BV2 cells were lysed with lysis RIPA buffer, which contained 1% phosphatase and protease inhibitor cocktails and centrifuged (10,000× g, 10 min, 4 • C) [30] . For the ELISA, the supernatants of the hippocampus and colon tissues, cultured cells, and blood, which was centrifuged (3000× g, 5 min, 4 • C), were transferred to a 96-well plate. Corticosterone and cytokine concentrations were assayed using their ELISA kits. For the immunoblotting analysis, the supernatant (proteins) was electrophoresed, as previously reported [30] . Electrophoresed proteins were transferred to a membrane, blocked with 5% non-fat dried-milk proteins, and probed with the corresponding antibodies. The membrane was incubated with horseradish peroxidase-conjugated secondary antibodies. Proteins were visualized with an enhanced chemiluminescence detection kit.
Immunofluorescence Assay
The immunofluorescence assays of brains and colons were performed, as previously reported [30] . Briefly, mice were transcardiacally perfused with 4% paraformaldehyde. Brains and colons were removed, fixed with 4% paraformaldehyde for 4 h, cytoprotected in a 30% sucrose solution, and frozen. The frozen tissues were cut using a cryostat, incubated for 16 h at 4 • C with the Iba1 antibody for microglia, LPS and CD11b antibodies for LPS + /CD11b + cells (activated microglia), and CD11b and CD11c antibodies for CD11b + /CD11c + cells (dendritic cells and macrophages), and incubated with Alexa Fluor 488 (1:1000, Invitrogen, Carlsbad, CA, USA) or Alexa Fluor 594 (1:500, Abcam, Cambridge, UK) conjugated secondary antibodies. The nuclei staining was performed using 4',6-diamidino-2-phenylindole (DAPI). The immunostained sections were observed using a confocal laser microscope.
Quantitative Polymerase Chain Reaction (qPCR)
To analyze fecal microbiota, total DNA (0.1 µg) was isolated from mouse feces and qPCR was carried out with SYBER premix in a Takara thermal cycler, as previously reported [30] 
Limulus Amoebocyte Lysate Assay
The endotoxin concentrations of feces and blood were assayed, as previously reported [31] . Briefly, mouse fresh feces (20 mg) were suspended in sterilized saline (30 
Statistical Analysis
All experimental values are indicated as the mean ± standard error of mean (SEM). Their significant differences were analyzed using a one-way analysis of variance (ANOVA) followed by a Duncan multiple range test (p < 0.05).
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The Curative Effects of NK33 and NK98 against IS-Induced Anxiety/Depression and Colitis in Mice
In order to investigate whether probiotics arising from the human gut microbiota could simultaneously alleviate anxiety/depression and colitis, we first isolated probiotics from human feces and examined their anti-inflammatory activities in LPS-treated BV-2 cells. Of tested probiotics, NK33 and NK98 strongly inhibited NF-κB activation and IL-6 expression in LPS-treated BV-2 cells ( Figure 1 ). These probiotics were identified as Lactobacillus reuteri and Bifidobacterium adolescentis, based on the results of Gram staining, API 50 CHL kit (BNFKorea, Seoul, Korea), and 16S rDNA sequencing, respectively. 20 °C). Their endotoxin concentrations were assayed using a LAL assay kit (Cape Cod Inc., East Falmouth, MA, USA).
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Results
The Curative Effects of NK33 and NK98 against IS-Induced Anxiety/Depression and Colitis in Mice
In order to investigate whether probiotics arising from the human gut microbiota could simultaneously alleviate anxiety/depression and colitis, we first isolated probiotics from human feces and examined their anti-inflammatory activities in LPS-treated BV-2 cells. Of tested probiotics, NK33 and NK98 strongly inhibited NF-κB activation and IL-6 expression in LPS-treated BV-2 cells ( Figure  1 ). These probiotics were identified as Lactobacillus reuteri and Bifidobacterium adolescentis, based on the results of Gram staining, API 50 CHL kit (BNFKorea, Seoul, Korea), and 16S rDNA sequencing, respectively. (Figure 2A,B) . Furthermore, IS exposure suppressed the time spent in the light compartment (TL) and number of transitions into the light dark compartment (NT) in the light/dark transition task and increased immobility in the tail suspension and forced swimming tasks. However, oral administration of NK33 or NK98 significantly mitigated OT in the elevated plus maze task to 114.8% [F (1, 12 Figure 2C -E). Treatment with Mix, the mixture of NK33 and NK98, also additively or synergistically alleviated anxiety/depression-like behaviors. IS exposure also inhibited hippocampal BDNF expression and CREB phosphorylation and increased hippocampal NF-κB activation ( Figure 2F ). Furthermore, IS exposure increased the infiltration of activated microglial cells into the hippocampus: It increased Iba1 + and LPS + /CD11b + cells in the hippocampus (Figure 2G,H) . However, treatment with NK33, NK98, or Mix inhibited the NF-κB activation and activated microglial cell infiltration into the hippocampus and induced hippocampal BDNF expression and CREB phosphorylation in IS-exposed mice ( Figure 2F ). IS exposure also increased blood corticosterone, IL-6, and LPS levels ( Figure 2I-K) . NK33, NK98, or Mix treatment reduced IS-induced IL-6, corticosterone, and LPS levels.
IS exposure significantly caused colitis in mice. Thus, treatment with IS caused colon shortening and induced colonic myeloperoxidase activity and NF-κB activation ( Figure 3A-F) . Furthermore, treatment with IS significantly increased the CD11b + and/or CD11c + cell (DCs and macrophages) infiltration into the colon ( Figure 3G ). Treatment with NK33, NK98, or Mix significantly alleviated IS-induced colon shortening and macroscopic score and suppressed myeloperoxidase activity, IL-6, IL-1β, and COX-2 expression, NF-κB activation, and CD11b + and/or CD11c + cell infiltration: They synergistically suppressed IL-1β expression, myeloperoxidase activity, and CD11b + /CD11c + cell infiltration. Furthermore, IS exposure increased the population of Proteobacteria and reduced the populations of Firmicutes and Actinobacteria in the fecal microbiota. However, NK33, NK98, or Mix treatment increased IS-suppressed Bacteroidetes, Firmicutes, and Actinobacteria populations and suppressed IS-induced Proteobacteria population ( Figure 3H ). Furthermore, they also inhibited the fecal LPS level production in IS-induced mice ( Figure 3I ). 
Figure 3. Oral administration of Lactobacillus reuteri NK33 and/or Bifidobacterium adolescentis NK98 alleviated immobilization stress (IS)-induced colitis in mice. Effects on the colon length (A), macroscopic score (B), myeloperoxidase (MPO) activity (C), IL-6 (D), IL-1β (E), and COX-2 expression, and NF-κB activation (F).
Effects on the infiltration of CD11b + /CD11c + cells into the colon (G), fecal microbiota composition (H), and fecal LPS levels (I). First, mice were exposed to IS and test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK33; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) were gavaged (for vehicle, NK33, and NK98) or intraperitoneally injected (for buspirone) daily for 5 days. Normal control group (NC), not exposed to IS, was treated with 1% maltose instead of test agents. Colonic p65, p-p65, COX-2, and β-actin were analyzed by immunoblotting. CD11b + and CD11c + cell populations were assayed using a confocal microscope. Fecal bacteria were assayed by qPCR. Fecal LPS assayed by ELISA kit. Data values are indicated as mean ± SEM (n = 7). # p < 0.05 vs. NC group. * p < 0.05 vs. IS group.
The Preventive Effects of NK33 and NK98 on IS-Induced Anxiety/Depression in Mice
Next, to evaluate the preventive effects of NK33, NK98, or Mix on IS-induced anxiety/depression, we orally administered probiotics daily for 5 days, then exposed IS, and examined their effects on the occurrence and development of anxiety/depression and colitis in mice , and COX-2 expression, and NF-κB activation (F). Effects on the infiltration of CD11b + /CD11c + cells into the colon (G), fecal microbiota composition (H), and fecal LPS levels (I). First, mice were exposed to IS and test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK33; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) were gavaged (for vehicle, NK33, and NK98) or intraperitoneally injected (for buspirone) daily for 5 days. Normal control group (NC), not exposed to IS, was treated with 1% maltose instead of test agents. Colonic p65, p-p65, COX-2, and β-actin were analyzed by immunoblotting. CD11b + and CD11c + cell populations were assayed using a confocal microscope. Fecal bacteria were assayed by qPCR. Fecal LPS assayed by ELISA kit. Data values are indicated as mean ± SEM (n = 7). # p < 0.05 vs. NC group. * p < 0.05 vs. IS group.
Next, to evaluate the preventive effects of NK33, NK98, or Mix on IS-induced anxiety/depression, we orally administered probiotics daily for 5 days, then exposed IS, and examined their effects on the occurrence and development of anxiety/depression and colitis in mice (Figure 4 ). Exposure to IS significantly decreased OT and OE during the elevated plus maze task to 37.7% [F(1,12) = 25.676, p < 0.001] and 69.0% [F(1,12) = 10.090, p < 0.05] of control mice, respectively ( Figure 4A,B) . Exposure of mice to IS also significantly suppressed TL and NT in the light/dark transition task and increased immobility in tail suspension and forced swimming tasks (Figure 4C-E) . However, pretreatment with NK33 or NK98 prevented the occurrence of anxiety/depression: They significantly prevented OT in the elevated plus maze task to 73.0% [F(1,12) Figure 4F ). IS exposure also increased the infiltration of activated microglial cells into the hippocampus: It increased Iba1 + and LPS + /CD11b + cells in the brain (Figure 4G,H) . However, oral administration of NK33, NK98, or Mix protected the suppression of BDNF expression, the induction of NF-κB activation, and the infiltration of Iba1 + and LPS + /CD11b + cells (activated microglial cells) by IS exposure. IS exposure also increased corticosterone, IL-6, and LPS levels in the blood of mice ( Figure 4I-K) . However, pretreatment with NK33, NK98, or Mix significantly protected the induction of corticosterone, IL-6, and LPS levels by IS exposure.
Exposure to IS alone significantly caused colitis: It induced colon shortening, colonic myeloperoxidase activity, proinflammatory cytokine IL-6 and IL-1β expression, and NF-κB activation, and COX-2 expression (Figure 5A-F) . IS treatment also increased the CD11b + and/or CD11c + cell infiltration into the colon ( Figure 5G ). However, pretreatment with NK33, NK98, or Mix significantly prevented the IS-inducible colon shortening, macroscopic score, myeloperoxidase activity, IL-6 and COX-2 expression, and NF-κB activation, and CD11b + and/or CD11c + cell infiltration into the colon.
Furthermore, IS exposure increased the Proteobacteria population and reduced the Firmicutes and Actinobacteria populations in the feces ( Figure 5H ). However, pretreatment with NK33, NK98, or Mix protected the reduction of Firmicutes and Actinobacteria populations by IS exposure and suppressed the increase of the Proteobacteria population by IS exposure. Furthermore, they protected the IS-inducible fecal LPS production ( Figure 5I ). Effects on the infiltration of LPS + /CD11b + (G) and Iba1 + cells (H) into the hippocampus. Effects on blood corticoterone (CORT, I), IL-6 (J), and LPS levels (K). Test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK33; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) were gavaged (for vehicle, NK33, and NK98) or intraperitoneally injected (for buspirone) daily for 5 days and IS then exposed to mice. Normal control group (NC), not exposed to IS, were treated with 1% maltose instead of test agents. Hippocampal p65, p-p65, CREB, p-CREB, BDNF, and β-actin were assayed by immunoblotting. Blood corticosterone, IL-6, and LPS were assayed by ELISA kits. Iba1 + and LPS + /CD11b + cells were measured using a confocal microscope. Data values are indicated as mean ± SEM (n = 7). # p < 0.05 vs. NC group. * p < 0.05 vs. IS group.
daily for 5 days and IS then exposed to mice. Normal control group (NC), not exposed to IS, were treated with 1% maltose instead of test agents. Hippocampal p65, p-p65, CREB, p-CREB, BDNF, and β-actin were assayed by immunoblotting. Blood corticosterone, IL-6, and LPS were assayed by ELISA kits. Iba1 + and LPS + /CD11b + cells were measured using a confocal microscope. Data values are indicated as mean ± SEM (n = 7). # p < 0.05 vs. NC group. * p < 0.05 vs. IS group.
Exposure to IS alone significantly caused colitis: It induced colon shortening, colonic myeloperoxidase activity, proinflammatory cytokine IL-6 and IL-1β expression, and NF-κB activation, and COX-2 expression (Figure 5A-F) . IS treatment also increased the CD11b + and/or CD11c + cell infiltration into the colon ( Figure 5G ). However, pretreatment with NK33, NK98, or Mix significantly prevented the IS-inducible colon shortening, macroscopic score, myeloperoxidase activity, IL-6 and COX-2 expression, and NF-κB activation, and CD11b + and/or CD11c + cell infiltration into the colon. (G) Effects on the CD11b + /CD11c + cell infiltration into the colon. Effects on fecal microbiota composition (H) and fecal LPS levels (I). Test agents (C, vehicle [1% maltose]; NK33, 1 × 10 9 CFU/mouse/day of NK33; NK98, 1 × 10 9 CFU/mouse/day of NK33; Mix, 1 × 10 9 CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; and PC, 1 mg/kg/day of buspirone) were gavaged (for vehicle, NK33, and NK98) or intraperitoneally injected (for buspirone) daily for 5 days and IS then exposed to mice. Normal control group (NC), not exposed to IS, were treated with 1% maltose instead of test agents. Colonic p65, p-p65, COX-2, and β-actin were analyzed by immunoblotting. CD11b + and CD11c + cells were assayed using a confocal microscope. Fecal bacteria were assayed by qPCR. Fecal LPS were assayed by ELISA kit. Data values are indicated as mean ± SEM (n = 7). # p < 0.05 vs. NC group. * p < 0.05 vs. IS group.
NK33 and NK98 Induced BDNF Expression and CREB Phosphorylation in LPS-Stimulated SH-SY5Y Cells
Next, we examined whether NK33 and NK98 could induce CREB phosphorylation and BDNF expression in LPS-stimulated SH-SY5Y cells (Figure 6 ). NK33 and NK98 potently increased LPS-suppressed CREB phosphorylation as well as BDNF expression.
Furthermore, IS exposure increased the Proteobacteria population and reduced the Firmicutes and Actinobacteria populations in the feces ( Figure 5H ). However, pretreatment with NK33, NK98, or Mix protected the reduction of Firmicutes and Actinobacteria populations by IS exposure and suppressed the increase of the Proteobacteria population by IS exposure. Furthermore, they protected the IS-inducible fecal LPS production ( Figure 5I ).
Next, we examined whether NK33 and NK98 could induce CREB phosphorylation and BDNF expression in LPS-stimulated SH-SY5Y cells (Figure 6 ). NK33 and NK98 potently increased LPSsuppressed CREB phosphorylation as well as BDNF expression. 
Discussion
The intolerable exposure to stressors such as immobilization disrupts the gut immune system and microbiota composition through the HPA axis, leading to the occurrence of gut inflammation and psychiatric disorders [4, 25, 32] . The exposure to stressors increases the occurrence of anxiety in germ-free or antibiotic-treated mice more sensitively than in specific pathogen-free mice with gut microbiota [18, 25, 33] . The fecal transplantation of SPF mice into germ-free mice reduces the occurrence of anxiety [19] . First, stressor exposure induces TNF-α and IL-6 expression in the brain, blood, and intestine with the secretion of adrenaline, noradrenaline, and glucocorticoids from the adrenal gland, leading to the increased gut membrane permeability with gut inflammation [25, 34] . Second, it increases the Proteobacteria population in the gut microbiota composition and gut bacterial LPS production [25, 35, 36] . The disruption of gut microbiota and membrane permeability by stressors 
The intolerable exposure to stressors such as immobilization disrupts the gut immune system and microbiota composition through the HPA axis, leading to the occurrence of gut inflammation and psychiatric disorders [4, 25, 32] . The exposure to stressors increases the occurrence of anxiety in germ-free or antibiotic-treated mice more sensitively than in specific pathogen-free mice with gut microbiota [18, 25, 33] . The fecal transplantation of SPF mice into germ-free mice reduces the occurrence of anxiety [19] . First, stressor exposure induces TNF-α and IL-6 expression in the brain, blood, and intestine with the secretion of adrenaline, noradrenaline, and glucocorticoids from the adrenal gland, leading to the increased gut membrane permeability with gut inflammation [25, 34] . Second, it increases the Proteobacteria population in the gut microbiota composition and gut bacterial LPS production [25, 35, 36] . The disruption of gut microbiota and membrane permeability by stressors elevates the blood LPS level [30] . The excessive exposure to LPS induces TNF-α expression in the brain and suppresses BDNF expression, leading to the occurrence of anxiety/depression [37, 38] .
In the present study, we found that the exposure of mice to IS caused psychiatric disorders, anxiety and depression, hippocampal inflammation, and gut microbiota dysbiosis. Oral administration of NK33 and/or NK98 significantly suppressed the IS-induced Proteobacteria population and gut bacterial LPS production. Their treatments also alleviated colitis: They inhibited IS-induced colon shortening, myeloperoxidase activity, and macrophage and DC infiltration into the gastrointestinal tract. Furthermore, they suppressed blood LPS levels. Jang et al. also reported that IS exposure suppressed gut tight junction protein expression in the gut and brain and increased blood LPS levels by increasing gut membrane permeability [30] . These results suggest that NK33 and NK98 can reduce blood LPS levels by suppressing gut permeability through the inhibition of gut inflammation and bacterial LPS production.
NK33 and NK98 also lowered IS-induced blood IL-6 and corticosterone levels in mice. They reduced IS-induced Iba1+ and LPS + /CD11b + cell (activated microglia) populations in the hippocampus. Oh et al. reported that the suppression of IL-6 expression by phytochemicals induced the attenuation of anxiety in mice [39] . Corticosterone, IL-6, and TNF-α were highly expressed in patients with anxiety/depression [40] [41] [42] . These results suggest that NK33 and NK98 can inhibit the activation of the HPA axis, which stimulates the secretion of adrenocorticotrophin and corticosterone from the adrenal gland and proinflammatory cytokine IL-6 and TNF-α from immune cells. Furthermore, we found that NK33 and NK98 induced BDNF expression and suppressed NF-κB activation in the hippocampus. They potently suppressed IS-induced anxiety/depression-like behaviors. Lee et al. reported that the exposure to LPS suppressed NF-κB-mediated BDNF expression in the hippocampus [27] . NK33 and NK98 inhibited NF-κB in LPS-induced BV-2 cells and increased BDNF expression in LPS-stimulated SH-SY5Y cells. These results suggest that NK33 and NK98 alleviated the suppression of NF-κB-mediated BDNF expression in the hippocampus with the regulation of LPS infiltration into the brain, resulting in the attenuation of anxiety and depression.
Moreover, the disruption of gut microbiota by IS exposure resulted in gut inflammation as well as anxiety/depression. NK33 and NK98 alleviated IS-induced anxiety and depression with the suppression of gut inflammation and microbiota disruption. Moreover, they reduced IL-6, TNF-α, and corticosterone levels, suppressed NF-κB activation in the colon and blood, and induced BDNF expression in the hippocampus. Lactobacillus plantarum, Bifidobacterium longum NCC3001, and Bifidobacterium infantis suppress anxiety-like behavior by restoring noradrenaline levels, inducing GABA production, or protecting gut dysbiosis, respectively [24, 43, 44] . Bifidobacterium adolescentis IM38, a human gut bacterium, inhibits IS-induced anxiety by regulating the GABA A receptor [26] . Lactobacillus johnsonii, a commensal gut bacterium of mice, suppresses anxiety in IS-exposed mice by inhibiting gut bacterial LPS production [35] . Lactobacillus rhamnosus HN001 reduced depression and anxiety in the postpartum period of women [45] . Lactobacillus helveticus NS8 also improves depression-like behaviors in chronic restraint stress-exposed rats [46] . The gut microbiota is bidirectionally connected to the brain: Dysfunction of the HPA axis by stressors can cause gut microbiota dysbiosis and psychiatric disorders and probiotics can alleviate anxiety [47, 48] . These results suggest that probiotics can alleviate anxiety and depression by suppressing gut dysbiosis.
Conclusions
NK33 and NK98 additively or synergistically prevented and alleviated anxiety and depression by alleviating gut dysbiosis through the suppression of the Proteobacteria population and gut microbiota LPS production. 
